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Patterning in the vertebrate embryo is controlled by an interplay between signals from the dorsal organizer and the ventrally
expressed BMPs. Here we examine the function of Vox, a homeodomain-containing gene that is activated by the
entralizing signal BMP-4. Inhibition of BMP signaling using a dominant negative BMP receptor (DBMPR) leads to the
ctopic activation of dorsal genes in the ventral marginal zone, and this activation is prevented by co-injection of Vox.
hordin is the most strongly activated of those genes that are up-regulated by DBMPR and is the gene most strongly
nhibited by Vox expression. We demonstrate that Vox acts as a transcriptional repressor, showing that the activity of native
ox is mimicked by a Vox-repressor fusion (VoxEnR) and that a Vox-activator fusion (VoxG4A) acts as an antimorph,
ausing the formation of a partial secondary axis when expressed on the ventral side of the embryo. Although Vox can
ctopically activate BMP-4 expression in whole embryos, we see no activation of BMP-4 by VoxG4A, demonstrating that
his activation is indirect. Using a hormone-inducible version of VoxG4A, we find that a critical time window for Vox
unction is during the late blastula period. Using this construct, we demonstrate that only a subset of dorsal genes is directly
epressed by Vox, revealing that there are different modes of regulation for organizer genes. Since the major direct target for
ox repression is chordin, we propose that Vox acts in establishing a BMP-4 morphogen gradient by restricting the
xpression domain of chordin. © 1999 Academic Press
Key Words: Vox; homeodomain; repressor; Xenopus; chordin; BMP-4.
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An important process in cell fate specification is the early
regionalization of the embryo. Intracellular signaling events
following fertilization result in the generation of dorsoven-
tral polarity in the blastula (Heasman, 1997; Moon and
Kimelman, 1998). After the start of zygotic transcription,
embryonic patterning is further refined through the pat-
terned expression of signaling molecules and transcrip-
tional regulators (Lemaire, 1996; Lemaire and Kodjaba-
chian, 1996; Harland and Gerhart, 1997). Defining the
regulatory interactions among early zygotic genes is key to
understanding embryonic regionalization and, ultimately,
how different cell fates are established.
Patterning in the Xenopus gastrula depends upon the
activity of dorsal and ventral signaling molecules (Lemaire
and Yasuo, 1998). Bone morphogenetic proteins (BMP-2 and
BMP-4) are expressed on the ventral side of the embryo
(Fainsod et al., 1994; Schmidt et al., 1995b) and have been1
b
1 To whom correspondence should be addressed. Fax: (206) 685-
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All rights of reproduction in any form reserved.hown to actively specify ventral cell fates (Dale et al.,
992; Clement et al., 1995). The requirement for BMPs in
entral mesodermal and epidermal specification has been
emonstrated in Xenopus embryos by inhibiting BMP sig-
aling with a truncated BMP receptor or a dominant nega-
ive BMP ligand (Graff et al., 1994; Suzuki et al., 1994;
awley et al., 1995; Schmidt et al., 1995b) and by using
ntisense RNA (Steinbeisser et al., 1995). Mutational anal-
sis in zebrafish has also demonstrated that BMP signaling
s required for ventral and posterior development (Kishi-
oto et al., 1997; Nguyen et al., 1998). On the dorsal side of
he embryo, the Spemann organizer is a source of many
ignals involved in the patterning of the body axis (Spe-
ann and Mangold, 1924; Harland and Gerhart, 1997). The
ignaling molecules chordin, noggin, and follistatin pro-
ote dorsal fates by counteracting the activity of BMP-4
Hemmati-Brivanlou et al., 1994; Sasai et al., 1994; Re’em-
alma et al., 1995). These factors antagonize BMP signaling
y binding to BMPs and preventing them from activating
heir receptors (Piccolo et al., 1996; Zimmerman et al.,
996; Fainsod et al., 1997; Iemura et al., 1998). Indeed, it has
een proposed that BMP-4 and its antagonists create a
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294 Melby, Clements, and Kimelmanmorphogen gradient that specifies different cell fates along
the dorsoventral axis (Harland, 1994; Dosch et al., 1997;
necht and Harland, 1997; Neave et al., 1997; Wilson et al.,
1997; Jones and Smith, 1998).
An important early consequence of BMP signaling is the
activation of a number of homeobox-containing genes (re-
viewed by Lemaire, 1996). These include Vox (also known
s Xbr-1, Xom, and Xvent-2; Papalopulu and Kintner, 1996;
Schmidt et al., 1996; Ladher et al., 1996; Onichtchouk et
l., 1996), Xhox-3 (Dale et al., 1992), Xvent-1 (Gawantka et
l., 1995), Xcad-2 (Pillemer et al., 1998), Xcad-3 (Northrop
t al., 1995), and Xmsx-1 (Maeda et al., 1997; Suzuki et al.,
997). Vox is directly activated by BMP-4 (Ladher et al.,
996) and, like BMP-4, is expressed in the early gastrula
hroughout the ventral margin and animal pole, being
xcluded from the dorsal organizer and the future neural
late (Ladher et al., 1996; Onichtchouk et al., 1996;
chmidt et al., 1996). Although Vox can activate BMP-4
ranscription ectopically, it appears that Vox may mediate
mportant functions downstream of BMP-4 because it can
lock the second axis induced by expression of a dominant
egative BMP receptor (Onichtchouk et al., 1996).
Here we examine how Vox functions as a mediator of
MP-4. We find that Vox expression prevents the activation
f dorsal genes, principally chordin, when BMP signaling is
locked by expression of a dominant negative BMP recep-
or. To determine how Vox functions to regulate transcrip-
ion, we compare the activity of Vox to the activity of
usion proteins of Vox with defined activator or repressor
omains. We find that Vox acts as a transcriptional repres-
or, confirming the results of Onichtchouk et al. (1998).
sing an inducible form of the Vox-activator fusion, we
how that Vox activity is required during late blastula and
arly gastrula stages for proper ventroposterior develop-
ent. Finally, we use this inducible construct to identify
enes that are direct targets of Vox. We find that Vox
irectly represses some but not all organizer genes, reveal-
ng that there are different modes of regulation for organizer
enes with similar expression patterns.
MATERIALS AND METHODS
Constructs
The VoxG4A construct consisted of the entire coding sequence
f Vox with the activation domain of the yeast Gal4 gene fused at
he C-terminus. To construct VoxG4A, the coding sequence of Vox
hrough amino acid 993 was amplified by PCR using the following
rimers: GCGGGATCCGTTTAGGTGAAGAG (forward) and
GCGAATTCAGAGGTTGCCCAA (reverse). The PCR fragment
as digested with BamHI and EcoRI and inserted into the vector
S21G4A (kindly provided by David Turner), which contains the
ctivation domain (amino acids 766–881; Ma and Ptashne, 1987) of
al4 (G4A) in the CS21 vector (Turner and Weintraub, 1994).
here is a vector-derived stop codon 3 amino acids after the end of
4A.
The VoxEnR construct was made by replacing the N-terminus
amino acids 1–175) of Vox with the repressor region from the
f
G
Copyright © 1999 by Academic Press. All rightrosophila engrailed gene (amino acids 1–298; Jaynes and
’Farrell, 1991). A BamHI site was introduced N-terminal to the
ox homeodomain using the forward primer GCGGGATCCAAT-
ATACCTCAGATGAAGAG, with a Bluescript primer as the
everse primer. The PCR product was digested with BamHI and
coRI and inserted into CS2/N-EnR, a vector which allows for the
-terminal placement of EnR (vector and details available upon
equest).
GR-VoxG4A, the dexamethasone-inducible version of VoxG4A,
onsisted of the hormone-binding domain of the glucocorticoid
eceptor (amino acids 512–777; Giguere et al., 1986) fused to the
-terminus of VoxG4A. VoxG4A was amplified using the primers
CGGGATCCCGCAGATCTCACAGAGAG (forward) and AAT-
AACCCTCACTAAAGG (T3 primer; reverse). These primers
mplify all but the first 15 amino acids at the N-terminus of
oxG4A. The PCR fragment was digested with BamHI and NotI
nd inserted into the BglII and NotI sites of the vector CS21GRN
kindly provided by David Turner).
Other constructs that were used were DBMPR (Suzuki et al.,
994; Schmidt et al., 1995b) and Vox (Schmidt et al., 1996).
RNA Microinjection and Explant Assays
RNA was synthesized using the mMessage mMachine kit (Am-
bion). RNA microinjection was as previously described (Moon and
Christian, 1989). Dorsal and ventral injections consisted of two
injections into the equatorial region of the two dorsal and ventral
blastomeres, respectively, of two- to eight-cell embryos. The dorsal
and ventral sides were identified by differences in pigment and cell
size, and staging was done according to Nieuwkoop and Faber
(1967). Animal pole injections consisted of two injections into the
animal region of two different blastomeres in two- to four-cell
embryos. Injected embryos were maintained in 5% Ficoll until they
healed (several hours to overnight) and then were transferred to
0.13 MMR (Schmidt et al., 1996). Dexamethasone (Sigma) was
dissolved in 100% ethanol to a concentration of 20 mM and stored
at 220°C. For treatment of whole embryos or animal caps, this
stock was diluted 1:2000 in 0.13 MMR, for a final concentration of
10 mM.
Marginal zone explants were isolated at stage 10 in 13 MBS and
ultured until control embryos reached stage 11.5. Animal caps
ere isolated at stages 8–9 and similarly cultured. Fifteen to
wenty marginal zones and 15 animal caps were harvested per
ondition for each assay. In assays to determine direct targets of
ox, protein synthesis was blocked by pretreating embryos with
ycloheximide (CHX) (10 mg/ml) for 30 min, prior to treatment
ith dexamethasone (10 mM). This concentration of CHX was
reviously shown to block 90% of protein translation (Gammill
nd Sive, 1997).
RT-PCR
RNA isolation and cDNA synthesis were as previously described
(Brannon and Kimelman, 1996). The primers for gene-specific PCR
amplification were as follows: siamois as described in Brannon and
Kimelman (1996), goosecoid and Xbra as described in Hemmati-
Brivanlou et al. (1994), chordin as described in Darras et al. (1997),
BMP-4 and Xnot as described in Gawantka et al. (1995), Histone H4
nd XFD-19 as described in Friedle et al. (1998), and otx-2 as
escribed in McGrew et al. (1995). MyoD primers were modified
rom Rupp and Weintraub (1991): forward, CTGCTCCGATG-
CATGATGG, reverse, TGCTGGGAGAAGGGATGGTG. gemi-
s of reproduction in any form reserved.
da
l
a
p
t
s
e
d
s
b
o
(
n
e
i
Z
g
a
(
r
n
s
B
S
w
i
w
l
e
s
a
r
s
w
w
t
e
e
1
w
e
t
m
1
o
J
D
295Regulation of Dorsal Gene Expression by Voxnin primers were modified from Kroll et al. (1998): forward, GTG-
GCCGGTAACATTTCGAA, reverse, TCACCTCACATAAA-
GGCTGGAAA. Other primers were noggin, forward, GGCCAC-
CATCCTGCCAGAGGAGA, reverse, AGCGAGGCCAAAACCT-
GGTCCC; Xnr-1, forward, GAGGACATTGGATGGAGCAGC,
reverse, GCAGCTATTGTTTTGTAGGCC.
In Situ Hybridization
In situ hybridization was performed using a digoxigenin-labeled
probe for BMP-4 (Schmidt et al., 1995b), using the methods
escribed in Harland (1991).
RESULTS
Vox Blocks chordin Activation Resulting from
Inhibition of BMP Signaling
Vox is considered a mediator of BMP-4 since Vox is
ctivated by BMP-4, and overexpression of Vox, like BMP-4,
eads to ventralization (Ladher et al., 1996; Onichtchouk et
l., 1996; Schmidt et al., 1996). Furthermore, Vox overex-
ression can prevent the formation of a partial second axis
hat occurs when BMP signaling is inhibited on the ventral
ide of an embryo (Onichtchouk et al., 1996). We wanted to
xamine this phenomenon at the molecular level: first, to
etermine which dorsal genes were activated when BMP
ignaling was blocked and second, to see if Vox acted to
lock the activation of all or a subset of those genes.
BMP signaling was inhibited by ventral injection of 2 ng
f RNA encoding the dominant negative BMP receptor
DBMPR; Suzuki et al., 1994; Schmidt et al., 1995b) or 0.6
g of noggin. noggin is expressed in the organizer and
ncodes a secreted protein that binds to BMP-4 and prevents
t from activating its receptor (Smith and Harland, 1992;
immerman et al., 1996). Figure 1 shows that many dorsal
enes are activated in the ventral marginal zone (VMZ),
lthough to different extents, when DBMPR is expressed
lane 4). Genes that were strongly and consistently up-
egulated were chordin, goosecoid (gsc), otx-2, Xnot, and
oggin (not shown). Similarly, previous workers have also
hown that gsc, Xnot, and chordin are up-regulated when
MP signaling is inhibited in the VMZ (Graff et al., 1994;
teinbeisser et al., 1995; Dosch et al., 1997). In our assay,
chordin and otx-2 were activated the most strongly com-
pared to their basal level of expression in the VMZ. We
obtained variable results with siamois: in this experiment it
as weakly activated by DBMPR, but in other experiments
t was not activated at all (not shown). When 2 ng of Vox
as coexpressed with DBMPR, chordin activation was
argely blocked (lane 5). Vox coexpression had a variable
ffect on the activation of gsc, XFD-19, otx-2, and Xnot,
ometimes reducing the levels of these genes significantly
nd sometimes showing little or no change. The same
esults were observed when noggin was used to inhibit BMP
ignaling (data not shown). These results demonstrate that
hile Vox expression can affect several dorsal genes, it
most strongly represses chordin.
Copyright © 1999 by Academic Press. All rightVox Is a Repressor
It is puzzling how removing BMP activity could lead to
the ectopic activation of dorsal genes such as chordin and
gsc. One possibility is that dorsal genes are generally
activated throughout the blastula and early gastrula, but
that BMP-4 turns on repressors that restrict their expression
to the dorsal side. The above experiment suggests that Vox
acts to limit the expression of dorsal organizer genes, either
FIG. 1. Vox blocks the activation of chordin by DBMPR. Injections
ere made into the equatorial region of the two ventral blastomeres at
he two- to four-cell stage. VMZ explants were from uninjected
mbryos (lane 3), embryos injected with 2 ng DBMPR (lane 4), or
mbryos co-injected with 2 ng DBMPR and 2 ng Vox (lane 5). At stage
0, 20 VMZs were dissected and cultured until stage 11 when they
ere harvested for assay by RT-PCR. Chordin is a secreted factor
xpressed in the organizer (Sasai et al., 1994). Siamois is a transcrip-
ion factor expressed in the early dorsal region that is a direct target of
aternal dorsalizing signals (Lemaire et al., 1995; Brannon et al.,
997). Goosecoid (gsc) is a transcriptional repressor expressed in the
rganizer (Cho et al., 1991; Ferreiro et al., 1998). XFD-19 (Dirksen and
amrich, 1992; Kno¨chel et al., 1992) and Xnot (Gont et al., 1993; von
assow et al., 1993) are transcription factors most abundantly ex-
pressed in the dorsal axis and notochord. Xnr-1 is a signaling molecule
of the TGF-b family that is expressed dorsally (Jones et al., 1995;
Lustig et al., 1996). Otx-2 is a transcription factor expressed in the
organizer and anterior neurectoderm (Blitz and Cho, 1995; Pannese et
al., 1995). geminin is a nuclear gene expressed in the early neural plate
(Kroll et al., 1998). Histone H4 was included for normalization. Note
that all RT-PCR assays shown here were done on the same samples.
Thus, the expression of some dorsal genes in the VMZ at this stage
(lane 3) is not due to DMZ contamination, since there is virtually no
expression of chordin, siamois, or otx-2 in this sample.by acting as a transcriptional repressor or by activating
another repressor.
s of reproduction in any form reserved.
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296 Melby, Clements, and KimelmanTo determine how Vox affects transcription, we made
fusion constructs of Vox with the defined activator domain
from the yeast Gal4 gene (VoxG4A) and with the defined
epressor domain from the Drosophila engrailed gene (Vox-
EnR; see Fig. 2A and Materials and Methods). We compared
he phenotypic effects of targeted injections of wild-type
ox, VoxG4A, and VoxEnR. Typical phenotypes are shown
in Figs. 2B–2F. We find that Vox and VoxEnR are indistin-
guishable in this assay: both cause ventralization when
expressed dorsally (Figs. 2B and 2D) and have little effect
when expressed ventrally (Fig. 2C, not shown). In contrast,
ventral expression of VoxG4A often leads to the formation
of a partial second axis (Fig. 2E, arrow), similar to the
phenotype obtained by ventral expression of DBMPR. These
results indicate that the principal role of Vox in the embryo
is to act as a repressor.
The formation of a partial second axis when VoxG4A is
expressed ventrally presumably reflects an activation of
dorsal organizer genes that the native Vox would normally
repress. To show that the second axis phenotype we ob-
served resulted from a specific effect of VoxG4A, we over-
expressed Vox along with VoxG4A on the ventral side of the
embryo. As shown in Fig. 2F, Vox expression prevents
second axis induction by VoxG4A, indicating that VoxG4A
specifically interferes with Vox, presumably by binding to
the same DNA targets. Because VoxG4A has an activity
that opposes that of wild-type Vox, we refer to it as an
antimorphic mutant of Vox.
VoxG4A Does Not Activate BMP-4 Expression
Dorsally
One property of Vox that distinguishes it from the related
ene Xvent-1 is its ability to ectopically activate BMP-4
xpression (Ladher et al., 1996; Onichtchouk et al., 1996;
chmidt et al., 1996). If Vox acts purely as a repressor, then
his up-regulation of BMP-4 transcription would have to
ccur indirectly, with Vox inhibiting an inhibitor of BMP-4
ranscription. Alternatively, Vox could be a dual function
ranscription factor, capable of activation as well as repres-
ion, depending on the context. If this latter hypothesis
ere correct, we would predict that VoxG4A, which con-
ains an additional activation domain, should be a very
trong activator of BMP-4 expression, while VoxEnR would
e a poor activator of BMP-4. To test this idea, we per-
ormed in situ hybridization on stage 12 embryos, a stage at
hich BMP-4 is cleared from the dorsal side in control
mbryos (Fig. 3A). Dorsal misexpression of Vox causes a
orsal expansion and often radial expression of BMP-4 (Fig.
B; see also Schmidt et al., 1996). In this experiment, all
ox-injected embryos showed expanded BMP-4 expression
nd three of nine embryos showed radial BMP-4 expression.
We observed the same results in embryos that were dorsally
injected with VoxEnR (not shown). In contrast, no expan-
sion of BMP-4 expression was seen in embryos that were
dorsally injected with VoxG4A (Fig. 3C), rather, BMP-4
expression was reduced in these embryos. These results
Copyright © 1999 by Academic Press. All rightsupport a model wherein Vox activates BMP-4 transcription
indirectly, by repressing a BMP-4 repressor.
Vox Is Required for Proper Ventral Development
from the Late Blastula through the Early
Gastrula Stage
To fully understand how Vox works, it is important to
determine when it is required during development and
what its targets are. Toward this end, we constructed a
hormone-inducible version of VoxG4A so that we could
control the timing of its activation. Since VoxG4A works
antimorphically to Vox, this construct allowed us to coun-
teract Vox activity at different times during development.
The hormone-inducible form of VoxG4A, GR-VoxG4A, is
depicted in Fig. 4A. This construct was made by fusing
VoxG4A downstream of the hormone binding domain of
the gluccocorticoid receptor (GR), as has been done previ-
ously for other genes (Kolm and Sive, 1995; Gammill and
Sive, 1997; Tada et al., 1997). The presence of the GR
hormone-binding domain causes the protein to be seques-
tered in the cytoplasm until it is activated by binding
dexamethasone (dex). The addition of dex allows the pro-
tein to rapidly enter the nucleus where it can bind to targets
in the DNA. To establish that this construct was active and
hormone-inducible, we injected different doses of GR-
VoxG4A into the ventral side of embryos and scored them
for the second-axis phenotype after incubating them in the
presence or absence of dex (not shown). We found that
ventral injection of 1 or 2 ng of GR-VoxG4A efficiently
induced partial second axes when dex was added to the
medium, just as was seen with ventral injection of
VoxG4A. Thus, the introduction of the GR domain does not
interfere with or alter the activity of VoxG4A. Further, we
found that the activity of GR-VoxG4A was controlled by
dex: although there was a small amount of second-axis
formation in embryos that were not treated with dex, it was
usually less than 30%, whereas embryos treated with dex
formed second axes in 70–90% of the embryos.
To examine whether there was a critical timing require-
ment for Vox activity, we injected GR-VoxG4A ventrally
and treated injected embryos with dex at different stages
during development (Fig. 4B). We found that early activa-
tion of GR-VoxG4A (stage 6.5, 64-cell stage; and stage 9,
blastula) induces strong second axes with a concomitant
loss of the ventral and posterior body (Fig. 4C). Later
treatments (stage 9.5, late blastula; and stage 10, early
gastrula) yield a greater proportion of weak second axes that
originate posteriorly (Fig. 4D), as well as tail defects in
which the ventral part of the tail is missing (not shown). By
stage 12, the proportion of phenotypes obtained after dex
addition resembles that seen with no dex treatment. During
normal development, Vox expression begins shortly after
the midblastula transition and is strong throughout gastru-
lation and neurulation (Ladher et al., 1996; Onichtchouk et
al., 1996; Schmidt et al., 1996). These results indicate that
the critical time when Vox is required for ventral and
s of reproduction in any form reserved.
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297Regulation of Dorsal Gene Expression by VoxFIG. 2. Vox acts as a repressor. (A) Diagram of Vox and the fusion proteins used in this paper. (B–G) Typical phenotypes resulting from
targeted injections of 1–2 ng each of the RNAs encoding Vox, VoxEnR, and VoxG4A. DAI averages were calculated as described in Kao and
linson (1988). (B) Dorsal injection of 2 ng of wild-type Vox leads to a ventralized phenotype (n 5 28; average DAI 3.1). In the experiment
hown, we obtained a fairly high DAI; in other experiments, dorsal injection of Vox yielded DAI averages of 2 or less. (C) Embryos injected
entrally with 2 ng of Vox are indistinguishable from controls (n 5 32; average DAI 4.7). (D) Dorsal injection of 2 ng of VoxEnR causes
entralization, similar to the phenotype seen with dorsal injection of Vox (n 5 34; average DAI 2.1). (E) Ventral injection of 1.5 or 2 ng of
oxG4A causes formation of a partial second axis lacking a head (n 5 58; percentage second axis 91%). The black arrow points to the second
xis. (F) Ventral co-injection of 2 ng each of Vox and VoxG4A prevents second axis formation. These embryos mostly resemble uninjected
ontrols or have minor tail defects (n 5 41; percentage second axis 7%).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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298 Melby, Clements, and Kimelmanposterior development is when it is first expressed: from the
blastula through the early gastrula stages.
An Assay for Direct Targets of Vox Repression
Reveals Differential Regulation of Organizer Genes
Our results indicate that Vox acts principally as a repres-
sor, thus likely targets for Vox are genes expressed in a
pattern complementary to that of Vox, i.e., genes of the
dorsal organizer and neural plate. Indeed, Onichtchouk et
al. (1998) have shown that ventral expression of an anti-
morphic Vox mutant can dorsalize the VMZ, leading to the
up-regulation of dorsal mesodermal and neural markers. We
wanted to distinguish which of the candidate targets of Vox
were direct targets, i.e., which genes were regulated by Vox
directly binding to their promoters. Our method involved
using GR-VoxG4A to determine which genes could be
activated after protein synthesis was blocked with CHX.
We chose to assay direct activation of targets by the Vox
activator rather than direct repression by Vox, reasoning
that this would be more sensitive since it would allow us to
look at de novo activation of dorsal organizer genes in
animal caps, where they are not normally expressed.
To determine which genes were direct targets of Vox, we
employed the explant assay outlined in Fig. 5A. One nano-
gram of GR-VoxG4A was injected into the animal pole at
he two-cell stage and animal caps were isolated at stage
–9. The animal caps were pretreated with CHX for 30 min
nd then treated with dex for at least 2 h before being
arvested for analysis by RT-PCR. We assayed a variety of
orsal marker genes, as well as BMP-4, and the mesodermal
markers MyoD and Xbra. We varied the timing of treatment
and harvest in order to be able to assay the response to
FIG. 3. Dorsal expression of VoxG4A does not induce expanded B
antisense probe for BMP-4. Embryos were uninjected (A) or injec
controls, BMP-4 expression is strongest adjacent to the ventral blas
more than halfway around the embryo. (B) BMP-4 expression is ex
orsally with Vox (n 5 9). (C) BMP-4 expression is similar to contro
(n 5 9). Arrowheads in A and C indicate the lateral edges of BMP-GR-VoxG4A when the genes of interest were expressed at a
high level in the whole embryo.
Copyright © 1999 by Academic Press. All rightThe results show that only some dorsal genes are direct
targets of Vox. We consider a gene to be a direct target of
Vox if its expression was activated over control levels (Figs.
5B–5D; lanes 2, 3, and 4) by GR-VoxG4A in the presence of
dex and CHX (lane 6). Many of the genes we assayed could
be activated to some extent in animal caps by CHX treat-
ment alone (lane 3). Figure 5B shows that siamois is clearly
not a direct target of Vox, in contrast to chordin and gsc,
which are both strongly activated by GR-VoxG4A (see also
Fig. 5C). That chordin is a strong direct target of Vox is
consistent with the results shown in Fig. 1, in which Vox
was able to prevent chordin up-regulation in response to
DBMPR. In addition, otx-2 is strongly activated by GR-
VoxG4A (Fig. 5C). XFD-19 and Xnr-1 are also direct targets,
but their activation appears to be weaker: expression of
these genes cannot be detected in injected caps treated with
dex alone, but only in injected caps treated with both dex
and CHX (Fig. 5C). This result suggests that activation by
GR-VoxG4A must work synergistically with the inhibition
of another factor by CHX to give detectable expression of
these genes. geminin, a neural plate marker (Kroll et al.,
1998), also appears to be weakly activated by GR-VoxG4A,
but the level of activation is less than twofold over control.
Other genes that our assay reveals are not direct targets
are BMP-4, MyoD, Xbra, and noggin (Figs. 5C and 5D). Xnot
could be a direct target since it is weakly activated by
GR-VoxG4A, but it is difficult to draw a conclusion from
this assay since the levels of Xnot are so high in both
control and injected caps treated with CHX.
We find that noggin and Xnot are highly activated in
animal caps by treatment with CHX alone, suggesting that
their expression is normally restricted by repressors that are
removed when protein synthesis is blocked. We performed
expression. Vegetal views of stage 12 embryos hybridized with an
orsally with 4 ng Vox (B) or 4 ng VoxG4A (C). (A) In uninjected
e. This region of strong BMP-4 expression usually does not extend
ed dorsally and is often radial (as shown here) in embryos injected
VoxG4A-injected embryos, showing a large area of dorsal clearing
ression.MP-4
ted da further assay to see if Vox regulated the expression of
these two genes by asking whether Vox could block their
s of reproduction in any form reserved.
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299Regulation of Dorsal Gene Expression by Voxhyperinduction by CHX. We injected Vox into the animal
ole, cut animal caps at stage 9, and then cultured them
ith or without CHX for 3 h starting at stage 10 (Fig. 5E).
e found that preloading animal caps with Vox has no
effect on the levels of noggin and Xnot expression in
CHX-treated caps, suggesting that these genes are not
targets of Vox repression.
DISCUSSION
Vox Is a Repressor Important in the Blastula and
Early Gastrula for Proper Ventroposterior
Patterning
FIG. 4. An inducible VoxG4A defines a time window for Vox fun
hormone-binding domain of the glucocorticoid receptor (GR) to the
embryos injected with 2 ng of GR-VoxG4A when dex was added a
rom embryos that were injected but never treated with dex. (C, D)
nd treated with dex at different stages. The black arrows in C and
ith dex starting at stage 9. (D) A weak second axis, induced by tWe have shown here that the homeobox gene Vox func-
tions as a transcriptional repressor, since the activity of Vox
Copyright © 1999 by Academic Press. All rightn the dorsal side of the embryo is mimicked by VoxEnR, a
fusion of the Vox DNA binding domain with a heterologous
repressor. Conversely, VoxG4A, a fusion of Vox with a
transcriptional activator domain, causes the formation of a
partial second axis when expressed on the ventral side of
the embryo. The formation of a second axis implies that
VoxG4A works antimorphically to Vox, activating dorsal
organizer genes that are normally repressed by Vox. These
results confirm and extend the results of Onichtchouk et al.
(1998), who showed that both Xvent-1 and Xvent-2 (Vox)
acted as repressors by a similar strategy, using the even-
skipped repressor and the VP16 activator. That we obtained
the same phenotypic results shows that the effects of the
mutant fusion proteins are independent of the activator or
. (A) A diagram of GR-VoxG4A, which consists of a fusion of the
rminus of VoxG4A. (B) Distribution of the phenotypes seen among
erent times during development. The data marked “no dex” were
nd-axis phenotypes in embryos injected with 2 ng of GR-VoxG4A
int to second axes. (C) A strong second axis, induced by treatment
ent with dex starting at stage 10.ction
N-te
t diffrepressor domains used.
We were able to ask when Vox is required for proper
s of reproduction in any form reserved.
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with CHX. They were harvested at stage 11.5 for analysis by
RT-PCR.
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Copyright © 1999 by Academic Press. All rightventral development by blocking Vox at different times
using GR-VoxG4A. We observed that blocking Vox activity
by the addition of hormone after stage 12 gave the same
proportion of affected embryos as seen in controls without
the addition of hormone. We do not believe that the lack of
second-axis induction when GR-VoxG4A was activated at
later times was due to a lack of protein, since previous
studies have shown that in the absence of hormone, GR
fusion proteins are stable through the late gastrula stage
(Kolm and Sive, 1995; Gammill and Sive, 1997; Tada et al.,
997). We conclude that Vox activity is important for
entral and posterior patterning when it is first expressed in
he blastula and early gastrula stages and is not required
fter stage 12. An important caveat is that we have assessed
he requirement for Vox in terms of gross ventral pattern-
ng, in that we assayed for second-axis induction by GR-
oxG4A and not for more subtle phenotypes.
The lack of a later requirement for Vox in ventroposterior
atterning is surprising since Vox is expressed in the tailbud
hroughout development (Schmidt et al., 1996), and the
ailbud appears to show the same genetic regulatory inter-
ctions as those seen in the gastrula (Gont et al., 1993). It
ay be that Vox activity is redundant with that of other
entralizing transcription factors such as Xmsx-1 (Maeda et
l., 1997; Suzuki et al., 1997), Xcad-2 (Pillemer et al., 1998),
ATA-1 (Xu et al., 1997), or GATA-2 (Sykes et al., 1998).
he limited early requirement for Vox may also reflect a
imited time of activity for its principal target, chordin (see
elow). Normal development of zebrafish embryos mutant
or chordin can be restored by injection of chordin RNA,
hich is mostly degraded by the end of gastrulation
Schulte-Merker et al., 1997). Thus, since the requirement
or chordin in dorsoventral patterning appears to be over by
he end of gastrulation, the requirement for regulating its
xpression may also be limited to early stages.
chordin and Other Organizer Genes Are Direct
Targets of Vox Repression
Previous work with Vox (Ladher et al., 1996; Schmidt et
al., 1996; Onichtchouk et al., 1998), and dominant negative
ersions of Vox (Xvent-2) and the related homeobox gene
vent-1, showed that these genes could repress a variety of
orsal genes including organizer genes, neural genes, and
orsolateral markers such as MyoD and Myf5 (Onichtchouk
t al., 1998). To further elucidate the regulatory functions of
ox, we have developed an assay to distinguish between
irect and indirect targets of Vox. We chose to look at the
bility of the inducible mutant, GR-VoxG4A, to ectopically
ctivate genes in animal caps in the presence of CHX. We
easoned that this approach would be more sensitive since
t should be possible to detect activation of genes against a
ackground of no expression.
The major target of regulation by Vox that we have
dentified is chordin. Of all the genes we examined, chordinFIG. 5. Some, but not all, organizer genes are directly regulated
y Vox. (A–D) An assay using GR-VoxG4A reveals direct targets
of Vox. (A) Schematic diagram of the assay. 1 ng total of
GR-VoxG4A was injected into the animal pole in two blas-
tomeres at the two- to four-cell stage. At stage 8 –9, 15 animal
caps per condition were dissected and transferred to agarose-
coated 35-mm dishes, to which factors were added. In all assays,
explants were incubated in CHX for 30 min prior to the addition
of dex and harvested at the different times shown for analysis by
RT-PCR. Controls without reverse transcriptase were performed
for all assays (not shown). (B) CHX and dex were added at stage
9, and animal caps were harvested at stage 10.5 (about 2.5 h).
This stage is optimal for looking at siamois expression. (C) CHX
nd dex were added at stage 9, and animal caps were harvested at
tage 11.5 (about 4 h). (D) Both noggin and Xnot were highly
induced by CHX alone in stage 9 animal caps. We found that
induction by CHX alone was less in later stage animal caps. In
this experiment, CHX and dex were added at stage 12, and
animal caps were harvested at stage 13 (about 2.5 h). (E)
Preloading animal caps with Vox does not prevent CHX induc-
tion of Xnot and noggin. 2 or 4 ng of Vox was injected into the
animal pole in two blastomeres at the two- to four-cell stage.
At stage 8 –9, animal caps were explanted and then treatednd otx-2 were the most strongly activated by inhibiting
MP signaling compared to basal levels of expression in the
s of reproduction in any form reserved.
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302 Melby, Clements, and KimelmanVMZ (Fig. 1). While chordin was always very strongly
repressed by Vox in this assay, the reduction of otx-2
xpression was weaker and more variable. Normally, Vox
xpression throughout the ventral part of the embryo limits
he expression of chordin to the organizer and dorsal axis.
entral injection of VoxG4A led to the ectopic expression
f chordin in the VMZ, where it could bind BMP-4 (Piccolo
et al., 1996) and inhibit ventral fates. Strong regulation of
chordin by Vox explains the similarity in phenotype seen
with ventral expression of VoxG4A (this work), chordin
(Sasai et al., 1994), and the Drosophila chordin homologue
hort gastrulation (Holley et al., 1995; Schmidt et al.,
995a). We can now explain the observation that gsc is a
trong activator of chordin (Sasai et al., 1994), which was
uzzling when it was shown that gsc is a transcriptional
epressor (Danilov et al., 1998; Ferreiro et al., 1998). Vox is
nhibited by gsc (Ferreiro et al., 1998), and thus gsc activates
hordin through a double repression mechanism (Fig. 6).
hereas gsc needs to be activated by siamois (Kessler, 1997;
aurent et al., 1997), we propose that chordin is expressed
herever Vox is absent.
Our results further suggest how Vox may be functioning
n cell fate specification. Recent work has shown that
MP-4 may act as a morphogen, with the level of BMP
ignaling in a cell determining its fate, even for dorsal fates
uch as muscle (Harland, 1994; Dosch et al., 1997; Knecht
nd Harland, 1997; Wilson et al., 1997; Jones and Smith,
998). The gradient of BMP-4 appears to be set up through
he diffusion and long-range activity of BMP inhibitors such
s chordin (Jones and Smith, 1998). Vox may have a key role
n setting up the BMP-4 gradient by limiting the spatial
omain of chordin expression. It is clear that chordin
regulation is an important consequence of BMP signaling
since in addition to Vox, other mediators of BMP-4 activity,
such as the GATA factors, have been shown to inhibit
FIG. 6. A model for the function of Vox in the embryo. On the
entral side of the embryo, BMP-4 activates Vox, which inhibits
the expression of chordin and gsc. On the dorsal side of the embryo,
siamois activates gsc, which represses Vox, allowing chordin to be
expressed. Early BMP-4 expression on the dorsal side is inhibited by
a putative repressor, X, which is activated by siamois and repressed
by Vox. Chordin inhibits BMP-4 expression at later times by
interrupting a BMP-4 autoregulatory loop.chordin (Xu et al., 1997; Sykes et al., 1998).
In addition to chordin, we find that the organizer genes
Copyright © 1999 by Academic Press. All rightgsc, XFD-19, Xnr-1, and the anterior neural and mesodermal
arker otx-2 are all direct targets of Vox (Fig. 5). These
esults correlate well with the results reported by Schmidt
t al. (1996), which show that ectopic expression of Vox can
liminate expression of chordin, gsc, and otx-2 in the early
gastrula. We chose to assay XFD-19 because this gene had
been shown to be a potential direct target of Xvent-1 in gel
shift and DNase footprinting assays (Friedle et al., 1998).
The similarity between the homeodomains of Xvent-1 and
Vox (Onichtchouk et al., 1996; Papalopulu and Kintner,
1996) suggests that they might bind to the same targets, and
GR-VoxG4A could be affecting genes that are normally
regulated by either Vox or Xvent1. Although GR-VoxG4A
can activate XFD-19 (and Xnr-1) at the dose we used, it does
so only weakly compared to chordin, gsc, and otx-2 and
only when CHX is also present. One possibility is that there
are subtle differences in the binding specificities of Vox and
Xvent1 such that genes that are normally regulated by
Xvent1 are only weakly activated by GR-VoxG4A. Another
possibility is that although GR-VoxG4A is sufficient to
activate XFD-19 and Xnr-1, this activation is only signifi-
cant when further repressors are removed by blocking
protein synthesis. Likely candidates for these repressors are
Xvent-1 (Friedle et al., 1998; Onichtchouk et al., 1998) and
Xmsx-1 (Maeda et al., 1997; Suzuki et al., 1997), another
ventralizing homeodomain gene. Although not yet demon-
strated in Xenopus, msx genes have been shown to act as
repressors in other systems (Zhang et al., 1996).
Genes that were clearly not targets of Vox include sia-
mois, BMP-4, MyoD, Xbra, and noggin. Because the levels
of activation were so high for geminin and Xnot in
controls, we cannot clearly determine by this assay
whether or not they are direct targets of Vox. However, it
appears that preloading animal caps with Vox does not
prevent the activation of either noggin or Xnot in re-
sponse to CHX (Fig. 5E), indicating that these genes are
not direct targets of Vox. Dorsal misexpression of Vox has
been shown to have a strong effect on Xnot expression
(Schmidt et al., 1996), but this probably occurs through
an indirect pathway, possibly by repression of an up-
stream axial gene such as XFD-19 or by promoting the
Xwnt8 pathway, which has been shown to negatively
regulate Xnot (Hoppler and Moon, 1998).
Our work demonstrates that the mode of regulation of a
ene cannot simply be inferred from its pattern of expres-
ion. We find that Vox does not directly interact with all
enes expressed dorsally, but only a subset. In particular,
oggin transcription is not greatly affected by Vox in any of
ur assays, while chordin is a direct target of Vox repres-
ion. noggin does appear to be strongly controlled by un-
stable repressors, since blocking protein synthesis causes
ectopic activation of noggin transcription in animal caps
(Fig. 5E). Thus, chordin and noggin appear to be regulated
quite differently, even though both genes have a similar
function and are expressed in the organizer.
s of reproduction in any form reserved.
e303Regulation of Dorsal Gene Expression by VoxBMP-4 Regulation Occurs at Multiple Levels
Previous work has shown that ectopic dorsal expression
of Vox causes the activation of BMP-4 in the DMZ (Ladher
t al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996).
Our data show that Vox functions as a repressor and
therefore probably activates BMP-4 indirectly. While both
wild-type Vox and VoxEnR caused the dorsal expansion of
BMP-4 expression, VoxG4A failed to activate dorsal BMP-4
expression. Moreover, we show that BMP-4 is not directly
activated in animal caps by GR-VoxG4A, further support-
ing the model that BMP-4 is indirectly activated by Vox.
If Vox acts purely as a repressor, then dorsal activation of
BMP-4 by Vox must occur through the repression of a
negative regulator of BMP-4 transcription. A candidate
dorsal regulator of BMP-4 is the organizer gene gsc, which
acts as a repressor (Danilov et al., 1998; Ferreiro et al., 1998)
and which we identify as a direct target of Vox. Another
potential mechanism for BMP-4 activation by Vox might be
via its regulation of chordin. Chordin functions at the
protein level by binding to BMPs and preventing them from
activating their receptors (Piccolo et al., 1996). It might
negatively regulate BMP-4 transcription by interrupting a
positive autoregulatory feedback loop (Fig. 6). In support of
this model, the BMP-4 promoter has been cloned and shown
to have activating elements that respond to BMPs (Kim et
al., 1998; Metz et al., 1998). Additionally, DBMPR and
chordin, which lower BMP signaling, were found to lower
BMP-4 transcript levels in animal caps, but only at later
stages after the end of gastrulation (Kim et al., 1998).
Further support for the role of chordin in the transcriptional
regulation of BMPs comes from analysis in zebrafish of
embryos mutant for chordin. Expression of bmp2 and bmp4
is expanded in mutant embryos (Hammerschmidt et al.,
1996), showing that normally chordin has a negative effect
on BMP transcription.
However, it is not clear how BMP-4 is regulated in the
early Xenopus gastrula. Carnac et al. (1996) found that
BMP-4 levels in early gastrula stage animal caps (stage
10.5–11) were not significantly lowered in response to
overexpression of gsc or chordin, but were reduced by
siamois. Although siamois can negatively regulate BMP-4
transcription, we find that it is neither a direct nor an
indirect target of Vox. Moreover, the available evidence
indicates that siamois acts as a transcriptional activator
(Fan and Sokol, 1997; Kessler, 1997). These results can be
reconciled by hypothesizing that Vox activates early BMP-4
transcription by repressing an as yet unidentified repressor
(“X” in Fig. 6), which is activated by siamois. At later
stages, Vox promotes BMP-4 expression by repressing chor-
din, thus allowing the BMP-4 autoregulatory loop to func-
tion.
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